Air cleaners are expected to improve the indoor air quality by removing the gaseous contaminants and fine particles. In our former work, the effects of the air cleaner on removing the uniformly distributed particles were numerically investigated. Based on those results, this work further explores the performances of the air cleaner in the reduction of two nonuniform particle distributions generated by smoking and coughing. The Lagrangian discrete trajectory model combined with the Eulerian fluid method is employed to simulate the airflow pattern and particle transport in a room. In general, the results show that the particle fates have been resulted from the interaction between the emitting source and the air cleaner. And the position of the air cleaner is a key parameter affecting the particle concentration, for which a shorter distance between the air cleaner and the human body corresponds to a lower concentration. Besides, the air velocity emitted from the human mouth and the orientation of the air cleaner can also influence the transport of particles. 
Introduction
Indoor air quality is closely related to human health since most people spend nearly 90% of lifetime in the indoor environment (Klepeis et al. 2001) . Both gaseous contaminants and fine particles in the indoor air can pose a threat to human health (Ardkapan et al. 2014; Cao and Meyers 2015) . The severe acute respiratory syndrome (SARS) exploded in 2003 was a typical epidemic disease that infects human by the tiny droplets or particles carrying various virus and bacteria (Chen et al. 2010) . Some research results even show that the airborne particle concentration is closely associated with human mortality (Dockery et al. 1993; Chen et al. 2013) . The problem of indoor air quality may become more severe when the outdoor air pollution intensifies, especially in the days of fog and haze.
In order to reduce the indoor air pollution, more and more air cleaners are used. Obviously, the particle concentration of indoor air is determined by both conditions of the particles (e.g. particle quantity, particle distribution, etc.) and the air cleaner (e.g. location, airflow rate, flow direction, etc.), which are the source and sink of particles, respectively. Quite a few studies have been carried out to evaluate the performance of the air cleaner (Nelson et al. 1993; Ongwandee and Kruewan 2013; Ardkapan et al. 2014; Zhang et al. 2010; Kang et al. 2008; Chen et al. 2010; Jin et al. 2015; Qian et al. 2010) . The investigations indicate that the position of the air cleaner is a key parameter, which influences the airflow patterns and leads to different removal efficiencies (Zhang et al. 2010 ). According to (Kang et al. 2008) , the air cleaner positioning may cause up to threefold difference in effectiveness. Besides, the direction of airflow ejection is another key parameter for aerosol dispersion control (Chen et al. 2010) . In order to have a comprehensive understanding of the key influencing parameters, Jin et al. (2015) numerically analyzed the effects of the position, flow rate and air ejection direction of an air cleaner on the particle transport characteristics. It was found that the flow rate of the air cleaner is a key parameter affecting the particle concentration. The location of the air cleaner plays a significant role only when the volumetric flow rates are low. Horizontal and upward ejections of the air cleaner have little difference in the removing airborne particles, while they are superior to the downward ejection.
On the other hand, the particle removal efficiency is also influenced by the condition of airborne particles (Nazaroff 2000) , especially their distributions. In the literature mentioned above, the contaminant concentration is generally assumed uniform. However, in the case of smoking or coughing, the particles are mainly from the person who stays at a certain part of the room. As a result, the contaminative particles are nonuniformly distributed. There are relatively fewer studies reported on the transport characteristics of the nonuniformly distributed particles in indoor environment with an air cleaner.
This paper evaluates the performance of an air cleaner for the nonuniformly distributed particles caused by smoking and coughing. The evaluation is based on our previous work (Jin et al. 2015) , and nonuniform particle distributions are simulated. The influences caused by the particles and the air cleaner are analyzed in detail.
Mathematical model

Turbulent airflow model
The Reynolds averaged Navier-Stokes (RANS) equations combined with Renormalization Group (RNG) k-ε model are applied to model the indoor turbulent flow (Launder and Spalding 1974) . The interaction between indoor air and the particles is neglected since the particles are small enough and can hardly affect the airflow distribution (Zhao et al. 2004) . The governing equation is (ANSYS 2009):
where  is the gradient of the variable; u  is the timeaveraged velocity; φ may be the time-averaged velocity component (u, v, w) , the turbulent kinetic energy k, the turbulent dissipation rate ε, or air enthalpy h in different equations; φ Γ and φ S are the effective diffusivity and source term for each variable, respectively.
Commercial CFD software FLUENT was employed to solve Eq. (1) in the form of discretized algebraic equations with a second-order upwind scheme. The SIMPLE algorithm (ANSYS 2009) was used to couple the pressure and velocity fields. The Boussinesq approximation was also applied to include the influence of the buoyancy effect.
Particle trajectory model
To obtain the transport characteristic of indoor particles, the Lagrangian particle tracking method was employed to calculate the average concentration and final fates of the particles. All the particles were treated as solid spheres, and the heat and mass transfer between the particle and fluid were ignored. The particle movement is described by Eq. (2) (ANSYS 2009):
where u p , d p and ρ p are the velocity, diameter and density of the particle, respectively; u i and ρ are the velocity and density of indoor air; μ is the kinetic viscosity of air. The first term on the right side of Eq. (2) is the specific drag force of the particle (i.e. drag force per unit particle mass).
Cc is the Cunningham correction, which can be calculated by (ANSYS 2009)
where λ represents the molecular mean free path of air and the Reynolds number is defined by Eq. (4) (Zhao et al. 2004 ):
The second term on the right side of Eq. (2) is the specific gravitational force and the third term includes all the other forces like the pressure gradient force, Basset force, virtual mass force, Brownian force, thermophoretic force and Saffman's lift force, etc. In indoor environment, the pressure gradient force, Basset force and virtual mass force are much less than the drag force (Zhao et al. 2004 ). Consequently they were neglected. As for the Brownian, thermophoretic and Saffman's lift forces, they were included in the model since their order of magnitudes are comparable to that of the drag force in some zones (Zhao et al. 2004; ANSYS 2009 ).
Stochastic tracking model
Besides the time averaged flow field, velocity fluctuations can also affect the particle transport, especially for small particles. The Discrete Random Walk (DRW) model was employed to simulate the velocity fluctuations. During the calculation of the particle trajectory, the DRW model will predict the fluctuating gas flow velocity based on a stochastic scheme. This fluctuating velocity combined with the mean flow velocity will be used in Eq. (2) as the term of air velocity to predict the turbulent effect on the dispersion of particles. The DRW model assumes that the turbulence is isotropic and the random velocity fluctuation follows a Gaussian probability distribution as (Lai and Chen 2006) :
where i ς is a normally distributed random number, which maintains constant during the lifetime of a turbulent eddy. However, the isotropic assumption is not suitable in nearwall areas where the turbulent kinetic energy normal to the wall is substantially smaller than the ones parallel to the wall (Lai and Chen 2006) . To resolve this problem, the turbulent kinetic energy for the first cells adjacent to the wall was modified by using Eqs. (6) and (7) (Wang and James 1999) . Before particle tracking, the kinetic energy near walls was artificially decreased by using the user define functions (UDF) in FLUENT. 
Model validation
The numerical model used in this work is the same as that used in our previous work (Jin et al. 2015) , which has been compared with investigation of (Lu et al. 1996) and validated by their experimental results. The details of validation can be found in our previous work and will not be repeated here.
Case set-up
Due to the heavy haze pollution in China, most of residents tend to close windows to restrain the outdoor particles entering into the room. However, the particles generated by coughing and smoking in the indoor environment can also pose threat to human health. In this case, more and more air cleaners are employed to enhance the indoor air quality. To study the transport characteristics of the nonuniformly distributed particles, caused by smoking or coughing indoors and expected to be removed by an air cleaner, a full-scale room is selected. For a typical apartment, the chair or sofa is usually placed adjacent to the wall. And most of time, people sits on a chair or sofa to rest. To mimic this scenario, the human model was placed against the wall with a sitting posture. Besides, the air cleaner is also usually placed next to the wall so as not to affect human activities.
As shown in Fig three typical ejection directions of air current from outlet shown in Fig. 1(d) , i.e., upward, horizontal and downward, the downward ejection was found to be much less efficient for removing particles as compared with the horizontal and upward ejections (Jin et al. 2015) . Besides, the differences between the horizontal and upward ejections are generally insignificant, therefore, only the horizontal ejection is studied in this work. It is well known that the temperature of the burning cigarette is significantly higher than the ambient environment, which induces a strong buoyancy effect to transport particles upward. During the process of smoking, however, most of the particles are absorbed into the human body and exhaled from the mouth. The amount of particles directly emitted from burning cigarette is comparatively lower. Therefore, we mainly focus on the dispersion of particles exhaled from human mouth in this study. And the smoking process is treated similar to the respiration activity. According to (Hörschler et al. 2010) , the periodic respiration could be simplified as a steady exhalation activity. Therefore, a constant exhalation rate of 1.4 m 3 /h is applied for the human mouth, which is equivalent to a mean velocity during exhalation process. In contrast, the velocity of cough process is much larger, which is assumed to be 20 m/s according to (Zhao et al. 2005) . It should be noted that the time of smoking a cigarette may last for a few minutes and most people cough more than once in a cycle of coughing. Therefore, the simulation of the complete process of smoking or coughing may be computational expense and time consuming. In order to simplify the prediction, we only consider smoking process for 5 s and coughing for 0.5 s, which is longer enough to capture the main features of particle transport (Zhao et al. 2005) . The time step for calculating the fates of particles is taken as 0.01 s as recommended in (ANSYS 2009), which is small enough to capture the particle transport characteristics.
From the investigation of (Miller and Nazaroff 2001) , the diameters of particles generated during smoking range from 0.5 to 1 μm and the total particle emission rate approximates to 370 μg/min. Similarly, the diameter of particles ejected during coughing is about 1 μm and the total number is around 3000 according to (Wei and Li 2015) . In this study, 3100 sample particles were injected into the indoor environment during the activity of human smoking or coughing, which is larger enough to represent the mean transport characteristics of particles. The time of injection lasts 5 s for smoking and 0.5 s for coughing (Fig. 2) . Moreover, the diameters of particles are all set to a dominant value of 1 μm and the density of particle is 1200 kg/m 3 . Meanwhile, the particles are expected to be removed by the air cleaner. The intake of air cleaner is set as a Neumann Fig. 2 Outlet velocity of the particles in coughing and smoking processes boundary condition. The filtration efficiency of the air cleaner is defined as the ratio of clean air delivery rate (CADR) to the volume flow rate through the air cleaner Q v according to (Shaughnessy and Sextro 2006) :
where the filtration efficiency is set to 1 so that the Q v equals CADR. Therefore, the particles captured by the air cleaner intake are regarded as escaping from the domain, and no particles are ejected at the outlet of the air cleaner. Since the filtration approaches for air cleaners mainly consist of fibrous and electrostatic filtration, and the filtration efficiency for particles larger than 1 μm can be as high as 99% (Shaughnessy and Sextro 2006) , the number of micron-sized particles escape form the air cleaner is extremely small, justifying the assumption of 100% filtration efficiency in this study. However, the air cleaners cannot effectively remove the submicron particles and the escape phenomena are significant, which will be investigated in our future work. For the popular air cleaners in the Chinese market, the typical CADR value ranges from 100 to 600 m 3 /h. 3 /h were studied in our previous work (Jin et al. 2015) , which found that the average suspended particle concentration could be reduced much faster by using a larger flow rate. On the other hand, the typical flow rate of air cleaners ranges within 600 m 3 /h. Based on these two considerations, the flow rate of 520 m 3 /h is investigated in this study, which is large enough to ensure a relatively well air mixing condition of the indoor environment.
Wall functions are applied to the region close to the walls. When a particle collides with the surface, it will be retained without bouncing back. Due to the fact that the heat from human body would produce the buoyancy effect that could change the particle trajectory significantly (Ge et al. 2013) , the temperature difference between the human body and indoor environment is included by using the Boussinesq approximation. A constant temperature of 304 K is set to the human body, which is recommended by (Gao and Niu 2004) and the temperature of the room environment is 298 K. Adiabatic boundary conditions are used for the surfaces of the chair and room. For the air cleaner, the rated power is less than 100 W as illustrated in many product introductions. Even one third of the power is converted into heat, the heat release of the air cleaner is about 30 W, which is smaller than the heat release of human body of about 100W. Besides, the air velocities near the inlet and outlet of the air cleaner are approximate 1 m/s. These airflows significantly disturb the flow field and abate the influence of convection boundary layer of the air cleaner. In order to quantify the influence of heat release from the air cleaner, a simulation is conducted and the thermal boundary of air cleaner is set to 30 W. The flow fields are similar to the cases with adiabatic boundary conditions and the particles exhibit analogous fates. Therefore, the heat release from air cleaner is neglected.
In the process of computations, the unsteady state airflow is obtained by solving the URANS equations and the turbulent kinetic energy in the cells adjacent to walls is modified with Eqs. (6) and (7), so that the particles are tracked in the modified airflow field. The stochastic tracking model (DRW) was used to predict the influence of turbulence on particle dispersion and 5 simulation runs were conducted for each case to eliminate the effect of randomness. The mean value of the 5 runs was applied to represent the transport characteristics of particles. For the sake of computational cost and accuracy, the grid independence tests were carried out for several positions of air cleaner. Three numbers of cells namely 0.4M (case-1), 1.2M (case-2) and 2.0M (case-3) are adopted to check the mesh independence. Figure 3 shows the velocity magnitude at the line-1 (refer to Fig. 1(b) ) when the air cleaner locates at position-1. The velocity of case-2 varies little from that of case-3, therefore the 1.2M cells is applied in the simulation. Figure 4 shows the evolutions of the number of suspended sample particles in the room during the process of smoking. For all the three positions, the particle number decreases when the running time of the air cleaner increases. Since the distances between the air cleaner and the human body are in the order of position-1> position-2> position-3, it is clear that the shorter the distance, the faster the reduction of the particle concentration. In detail, the number of the suspended particles in the case of position-1 is conspicuously larger than the other two cases during most part of the statistic time except for the initial stage (within ~40 s). Also, when the air cleaner is placed at position-3, which is the nearest position to the human body, the number of suspended particles decreases much quicker than that in the other two positions. It should be noted that the particle concentrations have been conspicuously reduced during 0-900s. Then the air cleaner can be manually or automatically switched to a smaller CADR value to maintain the particle concentration at a lower level and reduce the energy consumption. This kind of operation strategy is widely adopted by commercial air cleaners.
Results and discussion
Particles from smoking
The different results indicated above are related to the various airflow patterns as shown in Fig. 5 . The airflow field in plane-1 (refer to Fig. 1(b) ) for the case of position-1 is given in Fig. 5(a) , in which two clear vortices can be found. One of the vortices generates near the floor and the sitting man, which can be attributed to the combined effects of the buoyancy force and the flow ejected from the air cleaner. In addition, the air current exhaled from the human mouth bends towards the body, under the effect of the air cleaner, inducing the particles of smoking cluster around the body at the initial stage. As for the draft generated by the air cleaner, it will influence the thermal comfort of human body. For the three positions investigated in this study, position-1 is right in front of the human body, which might have a severe thermal comfort problem. However, as illustrated in Fig. 5 , the air velocity at the area next to the human is smaller than 0.3 m/s, which will not lead to obvious discomfort.
For the case of position-2, the airflow pattern in plane-2 and plane-1 are shown in Figs. 5(b) and (c). On plane-2, which is perpendicular to the air cleaner, the airflow field is similar to that of Fig. 5(a) . However, obvious differences appear in the airflow pattern in plane-1. As a result of buoyancy effect, the airflow direction near the human body is upward. Comparatively, the region near the air cleaner is dominant by the momentum ejected from its outlet which leads to a more turbulent airflow pattern. Furthermore, the particles generated by smoking, which are not suffered from the directly blowing by the air cleaner, disperse more quickly comparing with the case of position-1.
Similar to the flow patterns in the case of position-2, the airflow field in plane-3 and plane-1 for the case of position-3 are shown in Figs. 5(d) and (e) . However, the air mixing effects in this case are stronger than the other two cases. Moreover, particles are easily transported to the region near the air cleaner due to the relatively shorter distance, which enhances the probability of particles captured by the cleaner.
The diameter of the particles investigated in this study is 1 μm, for which the Stokes number is very small, so the particles will follow the airflow tightly. Figures 6(a) and (b) show the location of sample particles at the statistic time of 5 s and 20 s after their generations for the case of position-1. Since the airflow from the air cleaner blows directly to the human, it causes many particles to gather around the human body and increase the probability of particle collision with the body surfaces. As a result, a large number of particles deposit on the human body (refer to Table 1), and the number of suspended particles is lower at the initial period of statistic time. That is probably the reason why the number of suspended particles in the case of position-1 decreases faster than the other two cases within the initial 40 s, as indicated in Fig. 4 .
On the contrary, the particles transport smoothly away from the human body in the cases of position-2 and position-3, for the restraints caused by the direct airflow from the air cleaner are relatively weaker, as illustrated in Figs. 6(c)-(e) . At the time of 20 s, the particles in the case of position-2 transport to the region near the air cleaner, as shown in Fig. 6(d) . Meanwhile, owing to a shorter distance, the particles in the case of position-3 have already arrived at the region in front of the air cleaner where the particles follow the airflow field tightly to move toward wall-2, as shown in Fig. 6(f) .
To account for the particle fates, Table 1 lists the number of sample particles deposited on the interior surfaces and captured by the air cleaner for the three cases. For position-1, up to 20% of the sample particles are deposited on the surfaces of the human body, which is obviously larger than that of position-2 and position-3. This discrepancy has been associated with the airflow patterns as mentioned before. Besides, the number of particles intaked by the air cleaner at position-1 is also the highest, which may reasonably be attributed to the face-to-face layout of the air cleaner and the human. For position-3, the total number of the eliminated particles (deposit + intake) is the highest, of which the number of deposited particles is also the highest, while the number of intake is the lowest. As discussed previously, position-3 is close to the human, therefore the particles may follow the airflow of the outlet more tightly and obtain higher velocities, which leads to more particles colliding with different surfaces in the room. As for the case of position-2, the results fall in between the cases of position-1 and position-3.
These results reveal that position-3 can obtain a lower number of suspended particles. However, instead of intaking by the air cleaner, a large part of particles are deposited onto the surfaces, which may have a risk of re-suspension. Therefore, position-3 is a good choice when the requirement is lowering the number of the suspended particles as soon as possible. But if the target is to capture more particles by the air cleaner, the location of position-1 is preferred.
Particles from coughing
The evolutions of suspended particles generated by coughing are illustrated in Fig. 7 . Analogous to the cases of smoking, the number of suspended particles in position-3 drops faster than the other two cases. However, the number of suspended particles in position-2 remains higher than that in position-1, which is an obvious distinction from the results of smoking process (refer to Fig. 4) . Furthermore, for position-1, the variation of the particle number during the initial 40 seconds is much smoother in the coughing process, while there is a sharp drop for the corresponding case in the smoking process. These differences are resulted from the airflow patterns and the initial larger momentum produced by coughing.
The airflow patterns for the three cases are illustrated in Fig. 8 . Generally the airflow patterns in the process of coughing are analogous to those in smoking, while notable differences exist near the human mouth. Since the process of coughing is pulse, it can produce an air current with large momentum. This high-velocity current will disturb the airflow field near the human mouth and carry the particles to a relatively longer distance than in the smoking process. Nevertheless, the influence of the air current generated by coughing will diminish within a few seconds, and then the airflow field will be dominated by the intaking and ejecting processes of the air cleaner.
For position-1, as shown in Fig. 8(a) , the direction of air current caused by coughing is more parallel to the direction of the ejected airflow from the air cleaner, as compared with the situation in the smoking process. In this way, the particles of coughing tend to join the circulating airflow of the air cleaner, and consequently may be removed by the air cleaner with higher possibility.
For the case of position-2, the particles of coughing travel a longer distance as demonstrated in Figs. 8(b) and (c). However, since the momentum of the air current of coughing fades way within a very short time and there is still a comparatively longer distance between the particles and the air cleaner, the particles tend to stay a longer time in the room. Therefore, at the same statistic time, there are more particles for the case of position-2.
Figures 8(d) and (e) give the particle distributions for the case of position-3. Since the distance between the human -1  175  189  115  118  127  3  620  150  1497  1515  88   Position-2  67  220  142  810  240  2  66  106  1653  1412  35   Position-3  106  484  63  65  83  27  72  998  1898  1193  9 * Suspended = 3100−Deposited−Intake and the air cleaner is shorter than that in position-2, the particles are close to the air cleaner when the momentum of the current fades way. As a result, the particles tend to enter into the circulating airflow of the air cleaner, and are removed by the air cleaner more quickly. Figure 9 shows the particle distributions in the coughing process at the time of 0.5 s and 20 s for the three different positions of the air cleaner. At the time of 0.5 s, particles ejected from the human mouth by coughing exhibit similar distributions for the three cases, as indicated in Figs. 9(a) , (c) and (e). While at the time of 20 s, the particle distributions are much different from each other. For the case of position-1, the particles are near the floor and moving towards the inlet of the air cleaner. Besides, the number of particles deposited on human body is much less than that in the case of smoking due to the larger momentum of coughing that brings particles to a farer place. For the case of positions 2 and 3, the faster emitting velocity of particles in coughing make them disperse more quickly than the corresponding cases of smoking.
The number of the particles deposit on interior surfaces and intaked by the air cleaner are listed in Table 2 . Due to the flow patterns and particle distributions mentioned above, the particles are more likely captyred by the air cleaner for the cases of position-1 and position-3. As for the case of position-2, since the particles travel for longer time and distance, the chance of collision with walls, ceiling and floor are much higher. Therefore, half of the eliminated particles in the case of position-2 are deposited, which is much higher compared with the other two cases. 
Conclusions
The modified discrete phase model, which combines the Eulerian fluid model, has been used to study the transport characteristics of nonuniformly distributed particles caused by smoking and coughing in the indoor environment with an air cleaner.
For the smoking process, the velocity of the air current from the human mouth is relatively lower, which causes very limited influence to the indoor airflow pattern. In this scenario, the position of the air cleaner plays an important role to determine the indoor particle concentration. The shorter the distance between the air cleaner and the smoking man is, the lower the particle concentration exhibits in the room. On the other hand, the orientation of the air cleaner also has impact on its performance. More particles are removed by the air cleaner when it is placed at position-1, which corresponds to a face-to-face layout.
For the coughing process, the lowest particle concentration is also achieved when the air cleaner is placed at the nearest position. However, due to the relatively higher velocity in coughing, the particles from the human mouth travel a longer distance. Moreover, when the air cleaner is placed opposite to the human, the particles of coughing tend to join the main flow of the circulating airflow of the air cleaner, and consequently may be removed by the air cleaner with higher possibility.
